There are now several crystal structures of antibody Fab fragments complexed to their protein antigens. These include Fab complexes with lysozyme, two Fab complexes with influenza virus neuraminidase, and three Fab complexes with their anti-idiotype Fabs.
There has been a dramatic increase over the last 5 years in the number of Fab structures that have been determined by x-ray diffraction. It has been estimated that there are now >50 structures known to a resolution of between 3.0 and 2.0 A, although the coordinates of many of these are not yet available in the Protein Data Bank (Chemistry Department, Brookhaven National Laboratory, Upton, NY).
By contrast, the structures of Fab complexes with protein antigens, the subject of this review, have risen more slowly and have been restricted to a small group of antigens, notably hen egg white lysozyme (HEL) and influenza virus neuraminidase.
There have been a number of recent reviews of antibody structure and antibody-antigen associations (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Braden and Poljak (11) in a recent review pay particular attention to the water molecules that surround the antibody-antigen interface and how these might influence the specificity. Whereas many of the general principles of these interactions, such as the shape complementarity of the interacting surfaces, are now well established, the increasing data base, including the examination of complexes with mutant antibody or antigen, the calorimetric analyses of binding, and the application of new techniques to epitope mapping, add increasing detail to this picture. In this brief review, we shall describe the structures that are now available and discuss the results in terms of the mechanism of antibody-antigen recognition and binding.
Structures of Complexes with Protein Antigens
HEL. The most studied antigen has been HEL, and there are now five structures reported for complexes with this antigen. They are D1.3 (12) (13) (14) (15) , 69) , HyHEL-10 (17), D11.15 (18) , and D44.1 (19) .
The Fab (13) and Fv (14, 15) fragments of D1.3 have been studied as complexes with lysozyme. The structure of the isolated Fv has also been determined. The complex of the Fab of D1.3 with the Fab of an anti-idiotype to D1.3 has also been determined (20) . The high resolution of the D1.3 Fv-HEL crystals permitted the identification of many water molecules, about 50 of which are located around the interface. Four water molecules are completely buried in the interface, with some located in the variable region light chainheavy chain (VL-VH) interface. Titration calorimetry has been used to measure the thermodynamic parameters of the interaction (15) . The reaction is enthalpically driven with some opposition from a negative entropy contribution, and it has been proposed that the bound waters play a major enthalpic role in the binding of antibody to antigen.
HyHEL-5 binds to a different epitope (Fig. 1) at the center of which are two arginine residues, Arg-45 and Arg-68, which are close to two glutamic acid residues on the Fab heavy chain, Glu-H35 and Glu-H50 (16, 69) . The binding to lysozynme is quite strong, with an association constant of 4 x 1010 M-1 (23 (15) . Two other water molecules are located in a channel extending from bulk solvent into the lysozymeFab interface where they are involved in hydrogen bonding between the lysozyme and the Fab. An additional two waters are located on the interface periphery and serve as a bridge between two residues on the lysozyme and two on the Fab.
The association of HyHEL-5 with HEL has also been studied by titration calorimetry (24) . The reaction is enthalpically driven with an unfavorable entropic contribution. The result is consistent with the loss of mobility upon association of the mobile complementarity-determining regions (CDRs), but it is concluded that the assignment of thermodynamic effects to particular intermolecular contacts is presently uncertain.
A lysozyme complex with Fab D44.1 has recently been reported at 2.5 A (19). This antibody, for which the structure of the uncomplexed Fab has also been determined at 2.1 A, binds to a lysozyme epitope that is remarkably similar to that of HyHEL-5. The interactions between the VH residues Glu-H35 and -H50 and the Arg-45 and -68 of lysozyme are also qualitatively similar, although only two of the remaining hydrogen-bonding interactions are the same. The binding of the D44.1 to lysozyme, 1.4 x 107 M-1 (25) , is significantly weaker than that of Hy-HEL-5, which might be explained by the existence of two hydrophobic holes within the interface.
HyHEL-5, D1.3, and a third monoclonal antibody (mAb), , form a group of epitopes that are essentially nonoverlapping. The epitopes for these and for another anti-lysozyme Fab, D11.15 (18) , are shown in Fig. 1 (33, 34) . The neuraminidase epitope for NC10 overlaps that for NC41, but although '80% of each of the buried surface areas on the neuraminidase is contributed by residues common to both epitopes, these two antibodies bind quite differently to the neuraminidase. Only four of the CDRs of NC10 make contact with the antigen; Hi and L2 do not. Although CDR Hi has the identical sequence in the two antibodies and appears to occupy the same location relative to the neuraminidase, the details of the structure reveal that in NC10, this CDR does not contact the antigen, whereas in CD41 it does. In the complex with NC10, carbohydrate attached to Asn-200 on an adjacent monomer is observed to form part of the epitope. One sugar residue from the oligosaccharide makes six contacts with NC10, and two other mannose residues have buried surface in the interface although they make no contact with the antibody. The buried carbohydrate surface area is 92 A2, making 13% of the total buried surface of the neuraminidase.
Histidine-Containing Phosphocarrier Protein. The structure of the complex of the protein HPr, the histidine-containing phosphocarrier protein of the phosphoenolpyruvate:sugar phosphotransfer- A more recent study has been reported of an anti-idiotype Fab complexed with the Fab of an antibody against the E2 peplomer, a glycoprotein from feline peritonitis virus (42) . Again the shape complementarity between the two interacting surfaces is good, and no waters are observed in the interface although the resolution is low (2.9 A) for reliable water observation. In this complex the heavy chains of the antibodies dominate the interactions, accounting in both cases for about three-quarters of the interacting surfaces. The structure of the antigen is not known, but the antibody binds to antigen on Western blots, where it is probably denatured. Each of the CDRs Li and Hi of Ab2, which both interact extensively with Abl, contain six amino acids that virtually mimic sequences within the antigen. When Ab2 is injected into mice, it elicits the production of Ab3s that have feline infectious peritonitis virus-neutralizing properties. It is tempting to speculate again that this similarity between the CDRs of Ab2 and corresponding regions of the antigen might provide an explanation for internal imaging. However, experimental support for this model will require the determination of the antigen structure complexed to Abl.
A third complex of an antibody Fab with anti-idiotype Fab has been reported (43) in which the antibody is specific for a cell wall homopolysaccharide. The authors conclude that the putative polysaccharidebinding cleft on the Abl is too narrow and deep to allow comprehensive contact with Ab2, thus accounting for the inability of the Ab2 to carry an internal image of the antigen.
Amino Acid Composition of Antibody Combining Sites
The question of whether antibody combining sites have unusual amino acid compositions has been addressed by several groups. Kabat et al. (44) analyzed the relative frequency of different amino acids in the CDRs and observed that asparagine and histidine residues were about twice as likely to appear in the CDRs as in the framework. Padlan (45) calculated an amino acid propensity for the CDRs (based on the frequency with which the amino acid was observed in the CDRs versus its frequency in the framework residues of the variable domains) and noted that asparagine and histidine were 8 times more likely to appear in the CDRs than in the framework and that tyrosine residues were 3 times more likely to be present. Padlan also enumerated the antigen-contacting residues in the paratope and observed a high proportion of tyrosine and tryptophan. Janin and Chothia (46) compared the interacting surfaces of four antibody-protein complexes with a group of protease-inhibitor complexes. They observed very similar properties for the two sets of interacting surfaces, the major difference being the high density of aromatic residues in the antibody-combining sites. Mian et al. (47) examined the antigen-binding residues in six crystallographically determined antibody-antigen complexes and concluded that tryptophan, tyrosine, serine, and asparagine residues were most abundant.
Recently, Lea and Stuart (48) measured the percentage contribution of the different amino acid species to the total accessible surface of the CDRs and compared this with the corresponding values for a control group of proteins and for four picornaviruses. They found that the serine residues within the immunoglobulin CDRs have a significantly higher fractional surface area contribution than the control group. Using this criterion, they also concluded that the above-average contribution of tyrosine to the CDRs is barely statistically significant and that histidine and asparagine have average contributions. Padlan (45) did not observe a high propensity for serine, and the differences between his data and those of Lea and Stuart can probably be accounted for by the different criteria used to define the relative amino acid contributions, such as the greater abundance of serine in the framework residues that Padlan used as a control. Table 1 shows a summary of the physical properties of the interfaces for the six complexes for which coordinates are available in the Protein Data Bank. It is clear that a high percentage (34%) of the antibody-contacting residues are aromatic in character; of these more than two-thirds are tyrosine residues. In contrast, the contacting residues on the antigens contain relatively few that are aromatic. Fig. 2 shows the contacting aromatic residues observed in the HyHEL-10-lysozyme complex (7, 17) . These include Tyr-H33, which penetrates the substrate binding groove of lysozyme. Padlan (7, 45) also calculated from the x-ray data the fractional solvent exposures of the individual amino acid species in the CDRs of seven antibodies and compared these with their corresponding exposures when in the framework region of the Fv fragments. He observed that the aromatic residues tyrosine and tryptophan in the CDRs were significantly more solventexposed.
Epitope Mapping
Crystallographic investigations of antibody-antigen complexes provide an opportunity to compare predictions from epitope mapping with direct observation of the contacting residues. There have been extensive studies of epitopes by the use of peptides in which an antibody produced in response to a protein antigen can be examined for binding to peptides from that antigen. For HEL, these methods have recently been reviewed (49) . The epitope for lysozyme with HyHEL-5 was successfully predicted (50) based on the availability of a library of avian lysozymes that were presumed to have approximately the same tertiary structure, but with small differences in the amino acid sequences. This method is of course limited by the diversity of the available library. The application of mutagenesis techniques has now become a powerful method for epitope mapping (51, 52) .
There has been an interesting application of site-directed mutagenesis to distinguish between two structures that had been proposed for the protein HPr (53) . The three-dimensional structure had been determined by two-dimensional NMR and by x-ray diffraction (54, 55), and there were major differences between the two structures. The effect of mutations on the binding of two antibodies, Jel42 and Jel44, revealed that when the putative epitope was mapped on each of the proposed structures, the epitope for Jel44 was only consistent with the two-dimensional NMR structure of HPr for which it gave a contiguous binding surface. In contrast, the model derived from x-ray diffraction produced a scattered distribution of these residues in which some were buried and others were surrounded by noninvolved residues. Subsequently the epitope predicted in these experiments for Jel42 was confirmed by an x-ray diffraction analysis of the complex of the Fab with HPr, in which the structure observed for HPr was that determined by the NMR analysis (35) . Of the 14 amino acid residues that interact with the Jel42 binding site, 9 were correctly identified.
The epitope on cytochrome c for a monoclonal antibody has been defined by hydrogen exchange in two-dimensional NMR (56) . This method can be used for a protein antigen when the protein is small enough for the 1H NMR resonances to be determined. Eleven residues in three different segments of sequence were identified that formed a structurally related patch on the surface with a wateraccessible surface area of about 750 A2.
There has been a preliminary report of the crystallization of an antibody Fab to cytochrome c, both free and complexed with the antigen (57).
Conformational Changes that Accompany Complex Formation
The interaction of antibody with antigen involves conformational changes in both the antibody and the antigen that can range from insignificant to considerable. In general, the formation of a complex will adopt many of the characteristics of induced fit, similar to those seen in other macromolecular interactions. The changes that may occur in the antibody upon binding consist of combinations of simple side-chain movements, concerted movements of individual CDRs, and displacement of VH relative to VL. Most of the information on conformational changes upon antigen binding has come from nonprotein antigens, where the antibody has also been crystallized in the absence of antigen. Each of the kinds of movement described above has been observed for these complexes and these have been reviewed (10, 58, 59) . Some of the conformational changes observed are quite large, with the largest VH-VL rearrangement occurring in an Fab complex with a human immunodeficiency virus peptide (59) . Changes of this nature will considerably complicate attempts to model antibody combining sites.
For protein antigens, the antibody D1.3 has been examined as an unbound Fv fragment, as an Fab and an Fv complexed to lysozyme, and as Fab complexed to E225, an anti-idiotope. The differences between the bound and unbound Fv structures are minimal and include small adjustments of the side chains together with a small movement of VH relative to VL (14) . The interaction of the variable domains has been reviewed (5), and it was noted that the contacting surface between VH and VL contained #40% contribution from the CDRs. This can result in significant differences in the angle of rotation between VH and VL, which varies from 165°to 1800. Changes in this angle were originally hypothesized for the NC41-neuraminidase complex (29) , and substantial changes have now been observed in several instances when Fabs are complexed to small ligands (10, 59) . The differences between unbound and bound D1.3 in its complex with E225 (20) include several significant side-chain movements of the D1.3 antibody relative to the uncomplexed structure (40) .
We have analyzed four of the crystal complexes with lysozyme that clearly demonstrate that the interaction of antibody with antigen can produce significant conformational changes in the antigen, mainly in regions that are demonstrably flexible. Lysozyme alone can be crystallized in a number of crystal forms. A comparison of the tetragonal (60), monoclinic (61) , and triclinic (62) Chacko et al. (64) have examined the changes in the HyHEL-5-lysozyme complex that accompany the "conservative" substitution of lysine for arginine at position 68 of lysozyme. The mutation produces a decrease by a factor of 1000 in the binding from 101l to 108 M-1, as was observed in the binding to bob-white quail, which has this mutation in the epitope region (65) . Comparison Modeling with a glutamine in this position shows that it could make a hydrogen bond with Ser-L30. These results illustrate the difficulty of providing a structural explanation for complexes where the differences in binding energies are so small.
The effect on the D1.3 lysozyme complex of a substitution of leucine for tryptophan in position 92 of the light chain has been reported (67) . This change results in a decrease in affinity by a factor of about 1000. They measure a change in the AH of association of 3.8 kcal and state that the entropy is not affected. The structure shows that in the mutant complex, the space occupied by the tryptophan is taken up by two water molecules and the buried area in the complex decreases by about 150 A2.
Conclusion
In view of the enormous diversity of the immune response, it is perhaps presumptuous to expect that the few examples discussed above can totally describe antibody-antigen interactions. However, from these results it is apparent that these associations have much in common with other protein-protein interactions (2, 68) . The results from thermodynamic, structural, and mutational analyses demonstrate many similarities with those observed for other protein systems. The only significant difference seems to be in the clustering of aromatic residues in the antibody combining site, and it is interesting that the recent mutational study of the HGH receptor (52) identifies a hot spot of binding at the two tryptophans in the middle of the receptor interface.
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